The electronic structures of Fe-doped III-V semiconductors were studied by first-principles supercell calculation. It was found that their electronic structures are basically the same as those of Mn-doped ones except that the extra electron of Fe compared to Mn occupies either majorityspin p-d hybridized antibonding states (t a,↑ ) or minority-spin e states (e ↓ ) and that the center of gravity of the d partial density of states is higher for Fe than for Mn.The present calculations suggest that ferromagnetism appears when the e ↓ states start to be occupied. The band splitting due to s-d hybridization was found to be significantly smaller than the one due to p-d hybridization. This indicates that the s, p-d exchange interaction is not responsible for the high-temperature ferromagnetism of the Fe-doped ferromagnetic semiconductors even in n-type compounds.
in the middle by green boxes, and the majority-spin and minority-spin 3d (t 2 and e) levels of Fe atoms are shown on the left-and right-hand side, respectively. The t 2 orbitals and the host p orbitals form bonding t b and anti-bonding t a orbitals through p-d hybridization, which are shown by boxes between the host bands and the 3d levels. Green and gray colors represent states with predominant t 2 and p character, respectively. Depending on the host semiconductor, Fe can take either Fe 3+ or Fe 2+ states, the electron occupancy of which is depicted by red and black arrows or blue and black arrows, respectively. At the top left corner, the 3 × 3 × 3 supercell containing one Fe atom is also shown. study the basic electronic structure of isolated Fe atoms in III-V matrix without significant Fe-Fe interaction or hybridization. Brillouin-zone integration was performed on a 4 × 4 × 4 k-point mesh. The experimental lattice constants of host semiconductors [24] were used for all the calculations for simplicity. The self-consistent cycle was repeated until the calculated total energy converged to within 0.0001 Ry per supercell. is divided by 54 (the total number of atoms in the supercell), and the PDOSs of t 2 and e orbitals are multiplied by 0.08. Note that the (P)DOSs of majority-spin and minority-spin states are shown at the positive and negative sides of each panel.
III. RESULTS
Reflecting the calculated DOSs, the schematic energy diagram is illustrated in Fig. 1 .
The valence and conduction bands, mainly consisting of the p orbital of the group V element and the s orbital of group III element, respectively, are shown in the middle of the figure by green boxes, while the majority-spin and minority-spin 3d levels are shown on the left-and right-hand side, respectively. The 3d levels split into doubly-degenerate lower e state and triply-degenerate higher t 2 state because of the tetrahedral crystal field at the substitutional sites of group-III element in the zinc-blende crystal. Furthermore, the t 2 orbitals and the valence band, and antibonding states (t a,↓ ) of t 2 character remain unoccupied. Note that the e orbitals do not strongly hybridize with the ligand orbitals.
In the case of the prototypical Mn-doped III-V systems, the t a,↑ level crosses the E F accommodating a hole, because the substitution of Mn with the 3d
for group III element with (4sp) 3 makes one electron missing from the valence band. On the other hand, in the case of the Fe-doped III-V system, the t a,↑ states would be fully occupied since Fe has one more electron than Mn and can take the 3d
In the present calculation, this is the case for (Al,Fe)P, (Al,Fe)As, and (In,Fe)P. states and a small amount of holes are introduced to the t a,↑ states accordingly. This is represented by red and blue dashed arrows in Fig. 1 , where the electron of highest energy occupies either t a,↑ or e ↓ levels.
This situation is illustrated in Fig. 3 , where the band offsets of III-V semiconductors [24] and Ge [25] are shown. The dashed line approximately represents the energy level above which the Fe 2+ configuration is stabilized. For example, in GaAs, the position of the dashed line shows the Fe 3+/2+ charge transfer level [26] . The highest T C ever achieved for each material is also plotted. Considering that (Ga,Fe)As is paramagnetic [27, 28] , while the other Fe-doped semiconductors whose valence band maximum is located higher in energy than that of GaAs are ferromagnetic, ferromagnetism might appear when the Fe e ↓ level starts being occupied.
The strength of the p-d exchange or the spin splitting of the valence band ∆E v caused by p-d hybridization can be approximated as t 
Note that the number of 3d electrons is 6 for all the systems studied in the present work.
The orbital magnetic moment relative to the spin magnetic moment (m l /m s ) increases from 0.015 to 0.061 as a host semiconductor becomes heavier and spin-orbit interaction becomes stronger. This is consistent with the previous x-ray magnetic circular dichroism (XMCD) experiments, where m l /m s is 0.1 for (In,Fe)As [30] and 0.13 for (Ga,Fe)Sb [31] .
IV. DISCUSSION
There are three kinds of exchange interactions often discussed in the field of dilute ferromagnetic semiconductors, namely, s,p-d exchange interaction, double-exchange interaction, and superexchange interaction. s,p-d exchange interaction, which has been applied to the Mn-doped FMSs, does not seem very important for the Fe-doped FMSs for the following reasons. First, the Curie temperatures of n-type (In,Fe)As [7] and (In,Fe)Sb [10] are similar to, or even higher than, that of p-type (Ga,Fe)Sb [32] despite the fact that s-d exchange interaction is an order of magnitude weaker than p-d exchange interaction as seen from Table II , which indicated that ∆E v ≫ ∆E c . Second, ferromagnetism with T C = 40 K was also reported for insulating (Al,Fe)Sb, whose carrier concentration was 3 × 10 17 cm −3 , three to four orders of magnitude smaller than that of (Ga,Mn)As [9] . Third, it was recently shown that the ferromagnetism of (In,Fe)Sb is not significantly influenced by carrier concentration and even by carrier type [33] .
Superexchange interaction is very short-ranged and antiferromagnetic for the nearestneighbor Fe pairs and is often treated as obstacles for ferromagnetism in FMSs. Shinya et al. [34] pointed out that the second-nearest-neighbor superexchange interaction is actually ferromagnetic for (Ga,Fe)Sb and (In,Fe)Sb, although the magnitude of the interaction was too small to account for their high T C s.
If the Fe 2+ state is realized, there can also be double-exchange interaction between partlyfilled e ↓ orbitals. Such a scenario was proposed in the theoretical calculation on (In,Fe)As:Be done by Vu et al. [35] , where they claimed that extra electrons introduced by Be doping occupy the e ↓ orbitals and can induce a ferromagnetic order. The fact that the T C tends to be higher in Sb based material, where the calculation yielded the Fe 2+ state rather than Fe 3+ , may suggest that double-exchange interaction is more likely to be responsible for the ferromagnetic order.
It is worth mentioning that there might be a long-range exchange interaction between the e ↓ orbitals and the host bands both in p-and n-type semiconductors especially if they have narrow band gaps [36] . Such an interaction might be resonantly enhanced when e ↓ orbitals and host bands are close in energy as suggested by Hai et al. [37] and may also play a role in stabilizing long-range ferromagnetic order.
Considering the low concentrations of Fe atoms doped into the host semiconductors, it appears necessary to think about the inhomogeneous distribution of Fe atoms on the nanoscale, or the spinodal nanodecomposition [6] , because both superexchange and double-exchange interactions are short-ranged. In fact, previous XMCD measurements on (In,Fe)As:Be [30] and (Al,Fe)Sb [38] thin films grown by the molecular beam epitaxy methods revealed that there exist nanoscale ferromagnetic domains even at room temperature much above the macroscopic T C , the origin of which was attributed to the nanoscale Fe concentration fluctuation. Furthermore, the nanoscale Fe-rich lamellae-like structures were recently observed in (In,Fe)As thin films prepared by the pulsed laser melting method [39] . From theoretical points of view, it has been shown that it is more energetically stable for Fe atoms to be distributed close to each other in (In,Fe)As:Be [39] (especially in the presence of interstitial Be atoms [35] ), (Ga,Fe)Sb, and (In,Fe)Sb [34, 40] . Note that, in every study mentioned We have not calculated how interstitial Fe atoms alter the electronic structure, but there would be two major effects. First, the electron carrier concentration would increase because interstitial Fe atoms would act as double/triple donors. Second, there might be a reduction in the net magnetization because interstitial Fe atoms would probably be antiferromagnetically coupled to adjacent Fe atoms. Although such effects should be rigorously assessed both theoretically and experimentally in future studies, they may be ignored in the first approximation considering orders of magnitude lower carrier concentration than the number of doped Fe atoms.
V. CONCLUSION
We have calculated the basic electronic structures of Fe-doped III-V semiconductors by first-principles supercell calculation. They were found to be similar to those of Mn-doped counterparts except that one more electron of Fe than Mn occupies either majority-spin antibonding states (t a,↑ ) or minority-spin e states (e ↓ ) and that the center of gravity of the d partial density of states is higher for Fe than for Mn. The e ↓ is preferentially occupied in the cases of (Ga,Fe)Sb and (In,Fe)Sb, where the p level or the valence band is located high in energy and, therefore, it is more stable for the electron to occupy e ↓ states than t a,↑ states.
As the group-III element changes from Al → Ga → In, p-d exchange interaction gets weaker because the increase of Fe-V bond length leads to the decrease of the transfer integral t pd between the Fe t 2 orbitals and ligand p orbitals. As the group-V element changes from P → As → Sb, p-d exchange interaction also becomes weaker because more covalent nature and higher energy position of p level makes E 
